Usando um alto nível de teoria, CCSD(T)/CBS, investigou-se a estrutura, o espectro no infravermelho, a estabilidade relativa, as energias de dissociação e a barreira energética para a interconversão de novas espécies moleculares, HSeBr e HBrSe. Previu-se a molécula HSeBr mais estável por 44,95 kcal mol -1 que HBrSe, com uma barreira (DG # ) para a isomerização de 52,24 kcal mol -1
Introduction
Halogen-containing species like FO, ClO, BrO, IO, HOCl, HOBr and HOI are known to participate in reaction cycles leading to the catalytic depletion of ozone in the troposphere and stratosphere where they are photodissociated by UV radiation from the Sun thus generating reactive radicals. The role as a temporary reservoir played by these species is a central one to the understanding of the mechanisms underlying the catalytic cycles and has thus received considerable attention in the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] Motivated by analogies with the series of oxygenated molecules, our group has investigated a series of sulfurhalogen species with special focus on the manifold of electronic states correlating with the lowest-lying dissociation channels, including potential energy curves and the associated vibrational and rotational spectroscopic constants, radiative transition probabilities and lifetimes of the radicals SCl, SBr and SI. These earlier studies on sulfur-halogen diatomics have been extended to include the calculation of heats of formation, relative stability, energy barrier for isomerization, structural characterization, and the prediction of infrared spectra of triatomics like HSCl, HSBr and HSI, which if formed by any process can also be seen to have a potential role in the chemistry of the Earth atmosphere. [10] [11] [12] [13] [14] [15] [16] In the case of HSCl, our group showed that the molecule can be formed in the reaction between the HS radical, generated by atmospheric decomposition of H 2 S, and Cl 2 or the Cl radical that are relatively abundant in the stratosphere. 17 Concerning selenium compounds, the prototype selenide, H 2 Se, known to be very toxic like H 2 S, and quite familiar to inorganic chemists, has also been detected in unexpected environments like the liver of male rats. 18 In the soil, microbial action has also been the source of volatile selenium compounds. 19 Many physical and biological processes of natural or anthropogenic origin have led to an increase of selenium species in the atmosphere. Studies by Mosher and Duce 20 estimated that there is an ocean-to-atmosphere vapor phase selenium flux of 5-8 × 10
9 g Se year −1 . This ubiquitous presence of selenium in nature and the scarcity of data on simple diatomic and triatomic systems has called our attention, and as a natural extension of previous studies on sulfur-halogen compounds, a series of selenium-halogen species, SeF, HSeF, SeCl and HSeCl, was investigated in our group. [21] [22] [23] [24] In this context, as part of ongoing studies on chalcogenhalogen compounds, our previous investigations are further extended on this series by focusing now on the species HSeBr and SeBr. To the best our knowledge, only calculations of spectroscopic parameters for SeBr and a bond analysis of a series of chalcogen-halogen diatomics have been reported in the literature. 25, 26 In this work, using a highly correlated method for the description of the electronic structure, CCSD(T), along with a series of correlation consistent basis sets, this investigation is focused mainly on the prediction of the infrared spectra, structural characterization, energy barrier and relative stability of isomerization, and the determination of heats of formation. Our group hopes that these results can motivate and guide further studies on their isolation and characterization in the laboratory and in their potential role as trace species in the Earth atmosphere.
Methodology
In this study, the stationary state geometries were computed with the series of correlation consistent basis sets of Dunning and co-workers, 27 ,28 aug-cc-pVnZ (n = D, T, Q and 5) for H, and the sets aug-cc-pVnZ-PP (aVnZ) with n = D, T, Q and 5 for Br and Se, as developed by Peterson et al. 29 The basis sets for the heavier atoms include a small-core (10 electrons) energy consistent relativistic pseudo-potential (PP), namely ECP10MDF, in which the1s-2p inner-core was replaced by an energy consistent pseudo-potential optimized in a multiconfigurational Dirac-Hartree-Fock calculation. The energetic results were further extrapolated to the complete basis set (CBS) limit using the three-and two-parameter formulas given below, in which the first (second) one usually underestimates (overestimates) the energy. According to Feller et al., 30 the best CBS estimate can be taken as the average of two energy limits, and half the spread as an estimate in the uncertainty of the extrapolation procedure E(n) = E CBS + B exp{-(n-1)}+C exp{-(n-1)²} (n = 3, 4, 5)
and
Strictly speaking, equation 2 was intended for the correlation energy component of the energy, but since for large basis sets the truncation error for the correlation energy far exceeds that of the Hartree-Fock contribution, this expression has also been used to extrapolate the total CCSD(T) energy, following a common practice in the literature. Concerning the sources of errors in electronic structure calculations, the reader is referred to the work of Feller et al. 30 on the performance of CBS extrapolation approaches in the calculation of atomization energies using CCSD(T).
Aiming at results approaching chemical accuracy, our choice of methods for describing the electronic structure considered essentially the possibility of incorporating in the wave-function as many correlation effects as possible, and the coupled cluster single and double excitations approach with perturbative contribution of connected triples, CCSD(T), was the one employed for the closed shell states. For open shell species, the partially spin restricted approach, RCCSD(T), based on high-spin restricted Hartree-Fock (ROHF) orbitals was used. This approach imposes a restriction on the coupled cluster amplitudes such that the linear part of the wavefunction becomes a spin eigenfunction. Spin contamination thus becomes a negligible effect. 31, 32 Additionally, for the heats of formation and the enthalpies of reaction calculated in this study, core-valence correlation corrections (CV) were also estimated using the cc-pwCVnZ-PP basis set for Se and Br, where n = D, T and Q, for both the valence only correlated calculation and the core-valence correlated one that included all but the inner-core 1s-2p electrons of Se and Br. 33 Scalar relativistic effects (SR) were also estimated. It is important to point out that, for the Se and Br atoms, the major contribution of scalar relativistic effects has already been accounted for by the relativistic pseudo-potential. However, to consider this effect outside of the pseudo-potential region, it was estimated as expectation values of the one-electron Darwin and mass-velocity terms in the Breit-Pauli Hamiltonian from CISD/aV5Z calculations at the optimized CCSD(T)/aV5Z geometries.
Anharmonic vibrational frequencies were determined by the self-consistent field (VSCF) 34, 35 and the configuration interaction (VCI) [36] [37] [38] [39] [40] approaches based on a grid representation of the potential.
41,42 A 3-mode expansion of the potential energy surface was used in the 1-D, 2-D and 3-D surfaces, which were generated at the CCSD(T) level of theory.
Explicitly correlated coupled-cluster calculations were additionally performed within the CCSC(T)-F12b 43, 44 approximation; for such, the diagonal fixed amplitude Ansatz 3C(FIX) was selected, and the cc-pVnZ-F12 (VnZ-12) basis sets, where n = D, T, and Q, was employed. As recommended by Peterson et al., 45, 46 the geminal exponents g employed were set equal to 0.9, 1.0, 1.0 a 0 -1 for VDZ-F12, VTZ-F12 and VQZ-F12, respectively. In the resolution of the identity (RI), the cc-pVnZ-F12/OptRI basis set was used, 46, 47 and in the density fitting of the Fock and exchange matrices, the cc-pVnZ/JKFIT (n = T for VDZ-F12 and VTZ-F12, and n = Q for VQZ-F12) for H and the QZVPP/JKFIT basis sets of Weigend for Se and Br was employed. 48, 49 The aug-cc-pVnZ/MP2FIT basis set (n = T for VDZ-F12 and VTZ-F12, and n = Q for VQZ-F12) for hydrogen and cc-pVnZ-F12/MP2FIT sets for selenium and bromine 46, 50 were used for density fitting of the remaining two-electron integrals. In this work, all calculations were performed with the MOLPRO suite of programs.
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Results and Discussion
Atomization energies and heats of formation of SeBr and HSeBr
The heats of formation were computed in two steps. First, the atomization energies (SD 0 ) were evaluated using the energies extrapolated to the complete basis set (CBS) limit plus additional corrections accounting for core-valence correlation effects, and both scalar relativistic and spin-orbit effects. Then, the theoretical atomization energies were combined with the experimental heats of formation of the atomic fragments making use of Hess's law. All the energetic contributions to the atomization energies and heats of formations are summarized in Table 1 . As an assessment of the quality of our results, the atomization energy and the heat of formation of SeH, for which experimental data are reported in the literature, were also evaluated. , respectively. Assuming ideal gas behavior and using standard statistical mechanics expressions to account for the thermal effects and the vibrational frequencies listed in Table 2 , DH f (289.
-1 , respectively. Concerning the different contributions to the atomization energies, as mentioned above, the scalar relativistic corrections turned out to be very small because they are mainly included in the relativistic pseudopotential. As to the spin-orbit ones, they are significant for the open shell systems containing heavy atoms. This contribution is largest for the species HSeBr due to the energy lowering of the atomic fragments Se ( 3 P) and Br ( 2 P) only; this result should be contrasted with that for SeH, in which the spin-orbit interactions cause an energy lowering of about the same magnitude for both SeH and Se, and the overall contribution to the atomization energy turns out to be small. For core-valence correlation effects, the correction amounts to 0.49, 0.58 and 0.94 kcal mol -1 for SeH, SeBr, and HSeBr, respectively. These corrections are not expected to change significantly with improvements in either the 1-particle or n-particle space. However, it is noticed that the uncertainties in the extrapolated energies are still significant at this level of theory, being larger than the contribution of some of the corrections made, as clearly shown in Table 1 . Further improvements to reduce this spread can be made with the aV6Z and aV7Z basis sets, but they are very demanding computationally.
Relative stability, barrier to isomerization and dissociation channels
An overall energetic profile of the two triatomic minima, the associated transition state and two possible dissociation channels (H-SeBr and HSe-Br) on the singlet potential energy surface (PES) is presented in Figure 1 .
As also seen in Table 1 -1 , respectively. The channels that can lead to the formation of atomic selenium via HBrSe (HBr + Se) were also located, but one should notice that the lowest one is associated with a triplet PES. Considering the possibility of a spin-coupling perturbation, the dissociation of HBrSe rather than the isomerization is also a likely event. In Figure 1 , the triplet dissociation channel is located at 37.62 kcal mol -1 relative to HSeBr, and the singlet one at 64.99 kcal mol -1 . To estimate the location of the triplet dissociation channel, the spin-orbit and zero-point energies contributions of HBr were also included; for the energy of the singlet dissociation channel, the experimental energy difference between the Se ( 1 D 2 ) and Se ( 3 P 3 ) states and the theoretical triplet value was added.
Structural parameters and vibrational spectra
Geometrical parameters, harmonic and fundamental vibrational frequencies for the two minima and the transition state are collected in Table 2 . For the species HSeBr, the equilibrium internuclear distance of 1.4689 Å H-Se is very close to the one in HSeF and HSeCl, of 1.4707 and 1.4693 Å, respectively. In the case of the SeBr internuclear distance, it is about 2.7% longer in HBrSe (2.3848 Å) than the one in HSeBr (2.3211 Å); this distance in the free SeBr molecule is 2.2742 Å according to our best theoretical estimate (CBS/RCCSD(T)). The HSeBr bond angle of 93.98º is very close to that in HSeF (94.27º) and HSeCl (94.94º), as well as in the sulfur analogues HSCl (95.7º), HSBr (95.2º) and HSI (94.94º). In this context, both H and Br atoms can be viewed as covalently bonded to the Se atom. The bond angle in HBrSe (103.36º) is very close to those in the isovalent species HClS (103.6º), HBrS (104.7º), HIS (104.8º), HFSe (101.83º) and HClSe (102.51º). In these structures, the valence electron pairs can be viewed as oriented in a slightly distorted tetrahedral shape. Our best estimate of the HBr bond length in HBrSe is 1.4366 Å, which is close to the experimental value of the corresponding gas phase diatomic, 1.4144 Å. In the transition state structure (TS), it is possible to notice the migration of the H atom from the Se to the Br moiety. This is evidenced from the analysis of the values of the SeH internuclear distance (2.2180 Å) and the HSeBr angle (35.24º), compared to the values 1.4689 Å and 93.98º of HSeBr.
From the CCSD(T)/CBS values of the harmonic and fundamental frequencies in Table 2 , it is possible to verify that both isomers can be easily identified by their vibrational spectra if these species were isolated in a matrix. The SeBr stretching harmonic (fundamental) modes in both HSeBr and HBrSe are 309 (306) and 229 (225) cm -1 , respectively, the larger one reflecting the stronger Se-Br bond in HSeBr which is also close to the harmonic frequency obtained for the free SeBr species, 324 cm ). For completeness, the harmonic frequencies of the deuterated species DSeBr and DBrSe were also obtained, which turned out to be (308, 540 and 1721 cm ), respectively; here, atomic weights of 79.904 and 78.96 were used for Br and Se.
Aiming at further improved estimates of structural parameters and harmonic frequencies, new calculations of anharmonic effects on the vibrational frequencies and structural parameters were also evaluated for both valenceonly correlation, and those including core-valence correlation effects. These results are summarized in Table 3 , in which one can see that the internuclear distances and bond angles have decreased by about 0.01 Å and 0.06º, respectively, the frequencies were underestimated by 11 cm -1 for the modes of HSeBr, and for the isomer HBrSe, an increase close to 10 cm -1 was obtained.
Performance of the CCSD-F12 methodology
Besides the CCSD(T)/CBS approach, explicitly correlated calculations were also performed and Table 4   Table 3 . Structural parameters, harmonic and fundamental frequencies calculated at the CCSD(T)/cc-pwCVnZ (n = D, T, Q) level of theory with valence-only and core-valence (in italics) correlation lists the resulting total energies, structural parameters and harmonic frequencies at the CCSD(T)-F12b/VnZ-F12, where n = D, T and Q, levels of calculation. One interesting point to notice is the convergence of some results already at the VTZ-F12 level, which are close to those of the usual CCSD(T)/aV5Z data. An analysis of the data at the VTZ-F12 level shows that in general the discrepancies relative to the aV5Z results can be as large as about 0.005 Å for the bond distances, 0.1º for the bond angle, 5 cm -1 for the harmonic frequencies and 0.2 kcal mol -1 for the relative energy. For the VQZ-F12 results, one can notice that they approached the convergence reached at the CBS limit. Here, the discrepancies decrease to 0.001 Å in the bond length, 0.01° in the angle, 2.5 cm -1 in the harmonic frequencies and 0.08 kcal mol -1 in the relative energy. These results clearly point us to the possibility of using smaller basis sets and obtaining results close to the CBS limit.
Conclusions
In this study, energetic, structural and vibrational data for species on the singlet potential energy surface [H, Se, Br] were obtained at a high level of theory, CCSD(T). Extrapolation to the complete basis set limit, inclusion of both valence and core-valence electron correlation, of spin-orbit interactions, and the incorporation of anharmonicity effects in the calculated frequencies make our results very reliable. An explicit correlation method was also explored showing a faster convergence of properties with basis sets than conventional CCSD(T); it is very promising to obtain accurate results for larger systems but using not so extended basis sets. The present investigation complements previous studies on other chalcogen-halogen triatomics, thus allowing an overall view on the structural, energetic, spectroscopic and bonding properties of these systems. Being the first study in the literature about this surface, the present results are expected to be an important source of data and a guide to the experimentalist in search for these yet unknown species. 
